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Abstract 

Background: While influenza vaccination results in protective antibodies against prinnary infections, clearance of 
infection is prinnarily nnediated through CD8^ T cells. Studying the CD8^ T cell response to influenza epitopes is 
crucial in understanding the disease associated nnorbidity and nnortality especially in at risk populations such as the 
elderly. We compared the CD8^ T cell response to immunodominant and subdominant influenza epitopes in HLA- 
A2^ control, adult donors, aged 21-42, and in geriatric donors, aged 65 and older. 

Results: We used a novel artificial Antigen Presenting Cell (aAPC) based stimulation assay to reveal responses that 
could not be detected by enzyme-linked immunosorbent spot (ELISpot). 14 younger control donors and 12 
geriatric donors were enrolled in this study. The mean number of influenza-specific subdominant epitopes per 
control donor detected by ELISpot was only 1.4 while the mean detected by aAPC assay was 3.3 (p = 0.0096). 
Using the aAPC assay, 92% of the control donors responded to at least one subdominant epitopes, while 71% of 
control donors responded to more than one subdominant influenza-specific response. 66% of geriatric donors 
lacked a subdominant influenza-specific response and 33% of geriatric donors responded to only 1 subdominant 
epitope. The difference in subdominant response between age groups is statistically significant (p = 0.0003). 

Conclusion: Geriatric donors lacked the broad, multi-specific response to subdominant epitopes seen in the 
control donors. Thus, we conclude that aging leads to a decrease in the subdominant influenza-specific CTL 
responses which may contribute to the increased morbidity and mortality in older individuals. 



Background 

In the United States, it is estimated that more than 
30,000 people die each year as a result of influenza 
infection with over 90% of deaths in individuals over age 
65 [1,2]. This is due, in part, to the diminished immune 
response in the elderly [3-7]. While antibodies protect 
against development of primary influenza infection, 
clearance of the infection is chiefly mediated through 
CDS"" T cells [8,9]. It has been shown that CDS"" T cells 
are protective against influenza infection and are critical 
for the clearance of influenza infection in animal models 
[10-15]. Thus, it is necessary to study host CD8"^ T cell 
response to influenza epitopes for a better understand- 
ing of susceptibility and changes that occur with aging. 

In influenza, the HLA-A2 restricted response to the 
matrix protein peptide, Mlss-ee^ is considered to be 



^ Correspondence: jschnec1@jhmi.edu 

^Department of Pathology, Johns Hopkins University, 733 N Broadway BRB 
632, Baltimore, MD, 21205, USA 

Full list of author information is available at the end of the article 

(3 BioMed Central 



immunodominant [16-18]. However, recent studies of 
influenza have also shown a wide array of other epi- 
topes, indicating that infection with influenza A induces 
a broader response [16,19-21]. Based on those studies 
[21], an alternative definition has been proposed of the 
hierarchy of dominant and subdominant epitopes for 
human immune responses based on the frequency and 
magnitude of response [22]. 

To assess the breadth and depth of influenza-specific 
immune responses, we compared enzyme-linked immu- 
nosorbent spot (ELISpot) analysis to a novel artificial 
Antigen Presenting Cells (aAPC) based stimulation. We 
found that the aAPC based stimulation assay was a 
more sensitive method to detect the breadth of influ- 
enza-specific responses. Using the aAPC assay to stimu- 
late influenza-specific CD8"^ T cells ex vivo from 
younger control donors, aged 21-42, and geriatric 
donors, over the age of 65, we found responses against 
the immunodominant influenza MI58-66 peptide in both 
control and geriatric groups. Responses generated 
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against the subdominant peptides, PBl4i3_42i, NSI123-132) 
NA23i_239> NA75_84, ^^46-54^ and PA225-233 Were primar- 
ily seen in the control group. In contrast, the geriatric 
donors lacked the broad, multi-specific response to the 
subdominant influenza epitopes. These results indicate 
that aging leads to a narrowed influenza-speciflc subdo- 
minant memory CD8^ T cell repertoire. 

Results 

Precursor frequency of influenza-specific cells 

The precursor frequency of influenza-specific T cells 
was determined by an IFNg ELISpot assay on PBMC 
directly ex vivo. We analyzed the response to HLA-A2 
restricted immunodominant and six subdominant influ- 
enza-specific peptides (Table 1) in seven of the control 
donors, aged 21-42 (Table 2). Few donors had detectable 
CD8^ T cell precursor levels to multiple influenza-speci- 
fic subdominant epitopes (Figure 1). Only four out of 
seven donors showed a significant (p < 0.05) response to 
PBl4i3_42i, while three donors responded to PA46_54 and 
two donors to NA75_84. One donor responded to 
NSl 

123-132 or PA225-233> douors responded to 

NA23i_239 (Figure IB). Based on this and Gianfrani et 
al.'s study [21], we initially estimated a limited subdomi- 
nant repertoire in normal control donors. 

Stimulation of subdominant influenza-specific CD8^ T 
cells using aAPC 

Since the precursor frequencies for the subdominant CD8^ 
T cell specific response may be below the level of detection 
by ELISpot, we compared the ELISpot assay to an aAPC 
based stimulation assay initially developed for stimulation 
of viral CMV-immunodominant antigen-specific cells [23]. 

Table 1 Influenza peptides separated by pool 



Peptide name Peptide Sequence 



Subdominant Peptides Pool 1 




PBl4T3_42i ^' ^ 


NMLSmCV 


NA231-239 ' 


CVNGSCFW 


PA225-233 


SLENFRAYV 


Subdominant Peptides Pool 2 




NSl 123-132' 


IMDKNIILKA 


NA75-84 ' 


SLCPIRGWAI 


PA45_5/' ^ 


FMYSDFHFI 


Immunodominant 




Ml 58-66 ' 


GILGFVFTL 



Influenza peptides separated Into pools 

Source- ^ Peptides were selected from Gianfrani et al. [21], ^ Peptides were 
selected from Daly et al.[40], ^ Peptides were selected from Kasprowicz et al. 
[41]. 

^ Indicates peptides were found to be completely conserved In all strains of 
Influenza, Gianfrani et al. [21]. 

^ Indicates peptides were found to have one conservative amino acid 
substitution In 95% or more of the Influenza strains tested, Gianfrani et al. 
[21]. 



Table 2 Demographic characteristics of Control Donors 



Donor Age Sex Last Flu vaccination 

(years prior) 



CI 


25 


M 


Never 


C2 


27 


F 


1 


C3 


25 


M 


Never 


C4 


42 


M 


2 


C5 


34 


F 


1 


C6 


31 


M 


2 


C7 


30 


M 


2 


C8 


30 


M 


1 


C9 


35 


M 


1 


CIO 


32 


M 


> 5 


Cll 


26 


M 


1 


C12 


32 


M 


1 


C13 


30 


M 


1 


C14 


30 


F 


5 



Demographic characteristics of Control Donors 



Here, we tested if this approach would be useful in stimu- 
lating influenza subdominant-specific CD8^ T cells. For 
these studies, we modified the protocol by combining indi- 
vidually peptide-pulsed aAPC into pools of preloaded pep- 
tide-pulsed aAPC and stimulated purified CD8^ T cells 
with the pools of aAPC (Table 1). The pools of aAPC were 
plated at a 1:1 ratio to CD8^ T cells. After 3 rounds of 
weekly stimulation, we analyzed our cultures by HLA-mul- 
timer staining and intracellular cytokine staining (ICS). 

Using aAPC based stimulation, we were able to gener- 
ate peptide-specific CDS^ T cells against the immuno- 
dominant. Ml 58-66 epitope, as well as the subdominant 
influenza- specific epitopes. Donor CI and C7, represen- 
tative examples, had approximately 15% and 77% MI58- 
66-positive CDS"^ T cells, respectively, based on IFNg 
ICS (Figure 2A, left panels). These cells were functional 
as the IFNg expressing population also coexpressed 
degranulation marker, CD 107a (data not shown). 

aAPC also stimulated expansion of the subdominant 
epitope-specific CD8^ T cells. From the pool 1 aAPC 
cultures, 51% of Donor Cl's and 56% of Donor C7's 
CD8"^ T cells were specific for PBl4i3_42i (Figure 2A, 
middle panels). Similarly, PA46_54-specific CDS"^ T cells 
were obtained using aAPC loaded with pool 2 peptides 
for both representative donors, CI and C7 (Figure 2A, 
right panel). We did not find any donors that stained 
positive by multimer, but did not express IFNg by ICS 
(data not shown). Therefore, for standardization and 
comparison purposes, we analyzed all donors by ICS. 

To determine if the aAPC based stimulation was 
expanding the memory CD8^ T cell population or the 
naive population, we isolated naive CDS^ T cells from 
control donors. After three rounds of stimulation, the 
aAPC expanded subdominant epitope specific cells from 
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Immunodominant 
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Figure 1 Precursor frequencies of subdominant influenza-specific CD8"^ T cells by ELISpot. CD8^ T cells were obtained from control donor 
PBMCs and analyzed by ELISpot directly ex vivo. A. Shows a representative example of ELISpot wells. T2 cells were pulsed with either PBl 41 3.421 
peptide, Ml 53-66 peptide, or no peptide. CD8^ T cells were plated at a 1:1 ratio with peptide pulsed T2 cells. B. Summary of IFNg secreting CD8^ 
T cells determined using an ELISpot assay. The results are an average mean of triplicates with background subtracted. All displayed data points 
are statistically significant (p < 0.05), with a cut off value of 5 SFC/1 00000 CDB^ T cells. 



non-selected total CD8^ T cells isolated from PBMCs 
(Figure 2B). However, the aAPC did not expand any 
subdominant epitope specific cells from the naive- 
selected CD8"^ T cells (Figure 2C). Donor CI, a repre- 
sentative example, had approximately 54% PBl -positive 
CDS"^ T cells, based on IFNg ICS after 3 weeks of sti- 
mulation by pool 1 aAPC (Figure 2B). In contrast, no 
influenza-specific cells could be expanded from the 
naive CDS"" T cells (Figure 2C). 

Influenza-specific memory CD8^ T cell response in 
younger donors is broad and multi-specific 

The aAPC based stimulation revealed a broad CD8"^ T 
cell response to subdominant influenza-specific 



epitopes in the control donors (Figure 3A). Each 
donor has their own subdominant CD8"^ T cell 
response profile, and many donors responded to mul- 
tiple subdominant epitopes. Several subdominant epi- 
topes, PBl4i3_42i, NSli23-i32> ^ud PA^e-54> elicited a 
response from a majority of the donors. Furthermore, 
the magnitude of the response to the subdominant 
and immunodominant epitopes varied between each 
donor (Figure 3A). 

Pools of peptide-loaded aAPC were able to stimulate 
multiple antigen-specific T cell populations simulta- 
neously. Depending on the donor, 2 or 3 different sub- 
dominant CD8^ T cell responses could be seen within 
each pool. For example, pool 1 stimulated three 
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Figure 2 IFNg secretion by antigen-specific immunodominant and subdominant CD8"^ T cells. CD8^ T cells were stimulated weekly for 3 
weeks with Mlsg-ee-aAPC (left panels), with pool 1 aAPC, which included NA23i-239-aAPC, PA225-233-aAPC and PBl4i3_42raAPC (middle panels), or 
with pool 2 aAPC, which included NA75_84-aAPC, PA46-54-aAPC, and NSl 123-1 32-aAPC (right panels). A) IFNg production by aAPC stimulated CD8^ T 
cells from donor CI and donor C7 after three rounds of stimulation as determined by ICS. CD8^ T cells were stimulated with unpulsed T2 cells. 
Ml 58-66 pulsed T2 cells, PBl 41 3.421 pulsed T2 cells, or PA46-54 pulsed T2 cells at a 1:1 ratio. B and C) Naive CDB^ T cells were separated and then 
stimulated weekly for three weeks with pool 1 aAPC. B) IFNg production by aAPC stimulated memory CD8^ T cells from donor CI. CDB^ T cells 
were stimulated with unpulsed T2 cells or PBl 41 3-421 pulsed T2 cells. C) IFNg production by aAPC stimulated naive CD8^ T cells from donor CI. 
Naive selected CDB^ T cells were stimulated with unpulsed or PBl 41 3.421 pulsed T2 cells. 



different antigen-specific CD8^ T cells from Donors C2 
and C3, and pool 2 stimulated two antigen-specific CDS 

T cells from the same donors (Figure 3A). 

aAPC based stimulation uniquely revealed responses 
not detected by ELISpot Using single blood donations 
from a set of seven donors, we compared the sensitiv- 
ity of the ELISpot assay to aAPC based stimulation 
assay. Both methods were comparable in detecting the 
immunodominant Ml specific responses; 100% of 
donors responded by aAPC stimulation and 83% by 
ELISpot (Figure 3B). However, the detection of subdo- 
minant specific T cells by aAPC expansion was signifi- 
cantly greater than their detection by ELISpot. The 
mean number of subdominant epitopes per donor 
detected by ELISpot was only 1.4 while the mean 
detected by aAPC assay was statistically higher at 3.3, 
p = 0.0096 (Figure 3C). Therefore, we based our reper- 
toire comparison using the aAPC based stimulation 
assay. 



Influenza-specific CD8^ T cell responses in geriatric 
donors 

We determined the breadth of influenza-specific CD8"^ 
T cells in older geriatric adults, aged 65 and above 
(Table 3). 11 of the 12 geriatric donors had responses 
specific for the immunodominant Mlsg-ee epitope (Fig- 
ure 4). In contrast, geriatric donors lacked responses to 
most of the subdominant influenza peptides seen in the 
control group (Figures 3A and 4). Of the donors who 
did elicit a subdominant response, the breadth of their 
response was limited (Figure 4). As noted earlier, in the 
control, younger group, donors responded to as many as 
five of the six subdominant epitopes (Figures 3A and 
5A). The mean number of subdominant epitopes per 
donor detected in the geriatric group was only 0.33, 
compared to the mean of 2.5 detected for control 
donors, p = 0.0003 (Figure 5B). Similarly, we separated 
the geriatric donors into two groups, under 80 and 80 
and older, and compared the number of subdominant 
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Figure 3 Younger donors' CDS"^ T cell response to influenza A epitopes. A) Frequency of peptide specific cells from control donors after 
three weeks of aAPC stimulation as determined by ICS for IFNg secretion and analyzed by flow cytometry. A positive result is defined as a clear 
population of cells secreting IFNg 5 fold above background. Background levels were determined by stimulating CD8^ T cells with unpulsed T2 
cells, as described in Figure 2. Figure 2 is a representative example of background levels for all donors. All data points displayed are 5 fold above 
background. B) Comparison of the immunodominant response in control donors. The percent of positive donors with peptide specific cells is 
compared to the percent of positive donors for IFNg secretion by ELISpot at wk 0 from control donors. C) Comparison of aAPC based 
stimulation to ELISpot assays for the subdominant influenza-specific responses. 



responses per donor in each group to the control 
donors' subdominant response. Both groups were statis- 
tically different from the control group with p = 0.01 for 
under 80 and p = 0.002 for donors above 80 years old 
(Figures 5C and 5D). 

To further verify the difference in response to subdo- 
minant epitopes between the control and geriatric 
donors, we grouped the responses to subdominant epi- 
topes into no responses or one or more subdominant 
responses. Geriatric donors lacked a subdominant 
response and this was determined to be statistically 



significant by Fisher's exact test, p = 0.0026 (Figure 
5E). None of the geriatric donors had multi-specific 
subdominant responses. Of note. Donors E2, E3, E4, 
and E9 responded to the subdominant epitopes NSl or 
PA46, epitopes that were highly prevalent in the con- 
trol group but none responded to another prevalent 
subdominant epitope, PBl4i3_42i (Figures 3A, 4 and 
5A). Thus, in contrast to the broad, multi-specific sub- 
dominant response seen in control donors, there was a 
substantially more restricted response in geriatric 
donors. 
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Table 3 Demographic characteristics of Geriatric Donors 

Donor Age Sex Last Flu vaccination 

(years prior) 



El 


83 


M 


2 


E2 


83 


F 


2 


E3 


68 


M 


1 


E4 


67 


F 


> 5 


E5 


72 


M 


1 


E6 


70 


M 


1 


E7 


86 


M 


> 3 


E8 


86 


M 


1 


E9 


83 


M 


1 


E10 


85 


M 


1 


Ell 


87 


M 


1 


E12 


69 


M 


2 



Demographic characteristics of Geriatric Donors 



Discussion 

In contrast to the broad CD8^ T cell response to subdo- 
minant influenza epitopes seen in younger donors, we 
found a restricted response in geriatric donors. Our 
work is the first to document losses in subdominant 
influenza-specific memory responses that occur with 
aging in humans. Our findings are consistent with pub- 
lished studies that report that geriatric individuals main- 
tain immunodominant, Ml^s-ee specific, CD8"^ T cells 
[24-26], but extend that work significantly as we report 
that the lack of breadth of subdominant influenza-speci- 
fic T cells in the geriatric population even to the highly 
prevalent subdominant epitopes like PBl4i3_42i. In 
younger donors, we also found that the majority of the 
donors had T cells that were specific for multiple 
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Figure 4 Geriatric donors' CD8"^ T cell response to influenza A epitopes. A) Frequency of peptide specific cells from geriatric donors after 
three weeks of aAPC stimulation as determined by ICS for IFNg secretion and analyzed by flow cytometry. Background levels were determined 
by stimulating CD8^ T cells with unpulsed T2 cells, as described in figure 2. Figure 2 is a representative example of background levels for all 
donors. All data points displayed are 5 fold above background. 
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Figure 5 CD8"^ T cell immune response to subdominant influenza epitopes in the younger and older populations. A) Comparison of 
CD8^ T cell response between control donors and geriatric donors based on IFNg secretion by ICS after three weeks of aAPC stimulation. Filled 
bars are control donors, lined bars are geriatric donors. B) Comparison of the number of responses to subdominant epitopes per donor, 
comparing control to geriatric donors. Positive responses were determined by ICS for IFNg secretion after three weeks of aAPC stimulation. C) 
Comparison of number of responses to subdominant epitopes per donor, comparing control to geriatric donors under the age of 80. D) 
Comparison of number of responses to subdominant epitopes per donor, comparing control to geriatrics over the age of 80. E) Comparison of 
responding donors to either no subdominant influenza-specific epitopes or 1 or more subdominant influenza-specific epitopes. This difference is 
statistically significant, p < 0.0026, by Fisher's exact test. 



subdominant epitopes which was larger than predicted, 
Gianfrani et al. [21]. Our study shows a narrowing of 
the CD8^ T cell repertoire associated with ageing. 

aAPC based stimulation detected influenza-specific T 
cells that were below the limits of detection by ELISpot 
assays. Using this novel technique, we were able to sig- 
nificantly enhance our ability to probe the breadth and 
depth of the human CD8^ T cell repertoire against 
influenza. Interestingly, the aAPC stimulation assay 
revealed that three of the six subdominant influenza epi- 
topes, PBl4i3_42i, NSli23-i32> and PA46_54> induce a 
response in the many of the control donors. These 
responses are very low frequency events which were 
only effectively detected in the aAPC assay. It would be 
interesting to investigate why T cells specific for these 
epitopes are present at such low precursor frequencies. 



as their prevalence may implicate an important role in 
the CD8"^ T cell immune response to influenza. 

Our aAPC based stimulation assay overcomes limita- 
tions associated with other assays. Precursor frequency 
analysis of antigen-specific cells can be performed by a 
variety of assays including ELISpot and tetramer stain- 
ing. As with all assays, they are limited by the number 
of events being analyzed and the background activity 
associated with each assay. In the aAPC assay, CDS"^ T 
cells are repetitively stimulated to expand antigen speci- 
fic T cells to a level that is detectable by multiple meth- 
ods, such as tetramer staining, ICS or ELISpot. In the 
process of the repetitive stimulation we lose information 
on the exact precursor frequency, but the aAPC stimula- 
tion allowed detection of a wider breadth of antigen spe- 
cific T cells than were previously detected. By using the 
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pools of aAPC, as opposed to individually peptide- 
pulsed aAPC per stimulation, these experiments were 
logistically feasible with a modest, 40 cc, blood donation. 

The use of only moderate amounts of blood becomes 
a central issue in the analysis of the at risk geriatric 
population. Within the geriatric population the amount 
of blood drawn is restricted and volunteers' consent for 
multiple blood draws is limited. Thus, by using a single, 
modest blood draw we were able to recruit and enroll 
more geriatric donors. 

Age-associated T cell repertoire changes have been 
previously reported. The diminished immune response in 
geriatric individuals is often attributed to thymic involu- 
tion, which leads to a reduction in the thymic output of 
naive T cells [27]. However, since the aAPC based stimu- 
lation assay only expands the memory CD 8^ T cell popu- 
lation (Figure 2B and 2C), the lack of subdominant 
specific T cells in the geriatric group is likely due to 
alterations in the memory CD8^ T cell population and 
not a result of naive CDS^ T cell loss. Additionally, the 
Ml proliferative response was seen in all but one of the 
geriatric donors. Therefore, intrinsically all donors' T 
cells were capable of proliferating. Thus, we concluded 
that the precursor frequency of the subdominant influ- 
enza-specific responses, not their ability to proliferate, is 
selectively diminished in the older population. 

Changes in the functional T cell repertoire are also 
known to occur in cytomegalovirus (CMV)-specific T 
cell responses in the geriatric population. Over time indi- 
viduals lose their CD 8"^ T cell diversity and their immune 
response to CMV is narrowed [28-30]. CMV is a virus 
that persists latently in the body and the narrowing of 
the CD8"^ T cell response is believed to be due to the per- 
sistence of CMV antigen throughout life. In contrast, 
influenza is not a latent virus, however individuals may 
be vaccinated and/or infected with influenza multiple 
times during their lifetime. These multiple exposures 
may lead to a shift in the T cell repertoire and a narrow- 
ing of the immune response that we observed in the ger- 
iatric population. Alternatively, the loss of the influenza- 
specific subdominant T cells in the geriatric donors 
might be a result of original antigenic sin. Original anti- 
genic sin occurs when there are multiple infections with 
similar, but not identical viruses. The immune system is 
tricked into believing that the memory CD8^ T cells pro- 
duced in the initial infection are sufficient to ward off the 
infection with a similar virus and this leads to a narrow- 
ing in the immune response [31,32]. Lastly, narrowing of 
the CD8"^ T cell response may be attributed to heterolo- 
gous immunity. Heterologous immunity occurs when 
memory CD8^ T cells are activated during a secondary 
infection in response to a different virus [33-35]. It is 
possible that non-influenza viruses may induce cross- 
reactive responses to the immunodominant MI58-66 



specific CD8^ T cells, which leads to greater percentage 
of Ml58_66 specific CD8'^ T cells, and a narrowing in the 
subdominant CD8"^ T cell immune response. 

In contrast to the studies done in CMV, Boon et al. 
[36] studies indicate that the percentage of influenza- 
specific T cells does not change with age. In that work 
the authors looked at a global response to influenza by 
infecting PBMC directly ex vivo and looking for cyto- 
kine secretion by ICS [36]. They found no correlation 
with age and percentage of IFNg secreting CD8"^ T 
cells. However, they were unable to directly look at 
epitope specific responses. Based on the experimental 
design, we believe, that their analysis is likely focused 
on the immunodominant epitopes in both the young 
and older donors, since the precursor levels of subdo- 
minant-specific CD8"^ T cells are much lower, it is pos- 
sible that the subdominant response is below their 
limits of detection. This highlights the importance of 
also studying the subdominant antigen-specific 
responses. 

Conclusions 

Using the aAPC stimulation assay we were able to sig- 
nificantly enhance the ability to probe the depth of the 
human CD8"^ T cell repertoire against influenza in 
younger control and geriatric donors. We observed that 
all young donors had T cells specific for the immunodo- 
minant peptide, and that most had T cells that were 
specific for multiple subdominant epitopes as well. 
Compared to the broad responses seen in the younger 
control donors, there was a near total absence in the 
geriatric donors with maintenance of only the immuno- 
dominant Ml58_66-specific response. 

Our results have potential implication for vaccine 
design targeted at boosting influenza-specific CD8"^ T 
cells responses as it has been suggested that vaccine 
protection in geriatric donors correlates better with T 
cell responses than antibody responses [37]. Therefore, 
understanding the mechanism that leads to the loss of 
subdominant influenza-specific CD8^ T cells may be 
crucial in designing a more effective vaccine for influ- 
enza and, more generally, for vaccines targeting the ger- 
iatric population. 

Methods 

Donors 

All donors were HLA-A2"^ as typed by monoclonal anti- 
body, BB7.2, or a PCR-based kit from (Biosynthesis). 
Donors in the control group consisted of both males 
and females, between the ages of 21-42, many of whom 
had previously received an influenza vaccine (Table 2). 
Geriatric donors were a mixed group of males and 
females, varied in the timing of their last influenza vac- 
cine, and aged 67 and above (Table 3). The donors. 
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control and geriatric, were healthy. The exclusion cri- 
teria were patients with cancer, immune disorders, or 
on immunosuppressant medication. All donor samples 
were obtained from Baltimore, MD, or Cleveland, OH, 
USA. Informed consent was obtained from all donors 
before enrolling in the study. The Institutional Review 
Boards of Johns Hopkins Medical Institutions, Case 
Western Reserve University, and the Cleveland VA 
approved this investigation. 

Peripheral blood mononuclear cells (PBMC) 

Blood was obtained using VacutainerCPT or heparin 
green top tubes (Becton-Dickinson). PBMC were iso- 
lated by FicoU-Hypaque (Amersham Pharmacia Biotek, 
Uppsala, Sweden) density gradient centrifugation. CD8^ 
T cells were isolated from PBMC using the untouched 
human CDS"^ T cell isolation kit (Miltenyi). Naive cells 
were further selected by secondary enrichment with 
naive CD 8"^ T cell isolation kit (Miltenyi). 

Cell lines 

TAP (transporter associated with antigen processing)- 
deficient 174CEM.T2 (T2) cells were maintained in M' 
medium (RPMI 1640 medium (Gibco, Invitrogen Cor- 
poration), non-essential amino acids (Sigma-Aldrich), 
sodium pyruvate (Gibco, Invitrogen Corporation), vita- 
min solution (Gibco), 2-mercaptoethanol (Gibco), 10 
[iM ciprofloxacin (Serologicals Proteins Inc)) supple- 
mented with 10% fetal calf serum (Atlanta Biologicals). 

Peptides 

All peptides Mlss-ee- GILGFVFTL, PBl4i3_42i: 
NMLSTVLGV, PA225-233: SLENFRAYV, NA231-239: 
CVNGSCFTV, PA46.52: FMYSDFHFI, NA75_84: 
SLCPIRGWAI, and NSI125-132: IMDKNIILKA were 
synthesized by GenScript (Table 1). Purity of all pep- 
tides (> 95%) was confirmed by mass-spectral analysis 
and high-pressure liquid chromatography. 

ELISpot assay 

PVDF membrane-bottomed plates (Millipore) were 
coated with anti-IFNg antibody (EBiosciences). T2 cells 
were pulsed with 10 ug/mL peptide in serum-free M' 
media overnight at 37°C. CD8^ T cells were isolated 
from PBMCs as described above. CD8^ T cells and 
washed target cells were plated at a 1:1 ratio. Negative 
control wells contained unpulsed T2 cells with effector 
cells. The plates were incubated at 37°C for 16-20 hrs. 
The plates were washed with ELISpot wash buffer (PBS, 
0.1% Tween-20) (Gibco, Sigma-Aldrich) and incubated 
first with secondary anti-IFNg mAb and then with avi- 
din-HRP (EBiosciences) according to manufacturer's 
protocol. Plates were developed using AEC peroxidase 
substrate (Sigma-Aldrich). Colored spot-forming cells 



(SEC) were counted using an automated ELISpot reader 
(Immunospot, CellularTechnology). Each donor s pep- 
tide-pulsed stimulated wells were compared to their 
own unstimulated control well. 

Generation of artificial antigen presenting cells 

A2-Ig based aAPC was prepared according to the pre- 
viously described method [23]. A2-Ig molecules were 
loaded with 30 (ig/ml of a single peptide (GenScript) in 
1 ml PBS containing 5 x 10^ beads and rotated over- 
night at 4°C. aAPC beads were stored in peptide solu- 
tion at 4°C, with only a single peptide being loaded onto 
individual A2-Ig aAPC per vial. aAPCs were pulsed with 
the following peptides: MI58-68 (Mlsg-es-aAPC), NA23i_ 

239> PA225-233> PBl4i3_42i, NA75_84, PA46_54> ^ud NSli23- 
132- 

Expansion of primary human CD8^ T cells 

CD8"^ T cells (10^/plate) were co-cultured at a 1:1 ratio 
with peptide-loaded aAPC in a 96-well round-bottom 
plate (BD Falcon) with 165 (il/well M' medium, supple- 
mented with 5% autologous plasma or 5% Human AB 
serum (HyClone) and 6% T-cell growth factor (TCGF) 
at 37°C in a 5% CO2 incubator. TCGF was prepared as 
previously described [38]. The culture media was replen- 
ished once a week on day 4. On day 7 CDS"^ T cells 
were harvested, counted and re-plated at a 1:1 ratio of 
CD8^ T cells to fresh peptide-loaded aAPC. This was 
repeated weekly for up to 5 weeks. For the immunodo- 
minant MI58-66 generated CDS"^ T cells, cells were pla- 
ted at a 1:1 ratio with only Mlsg-es'^APC. For the 
subdominant epitopes, CD8^ T cells were cultured at a 
1:1 ratio of CDS^ T cells to aAPC where the aAPC con- 
sisted of a pool of aAPC. Pool 1 consisted of NA23i_239- 
aAPC, PA225-233-aAPC, and PBl4i3_42i-aAPC. Pool 2 
consisted of NA75_84-aAPC, PA46_54-aAPC, and NSli23_ 
132-aAPC (Table 1). All aAPC were peptide loaded indi- 
vidually and then pooled when added to the plates with 
the CD8^ T cells. 

Multimer staining and flow cytometric analysis 

The antigen specificity was tested by staining with 
monoclonal antibody (clone UCHT-4, Sigma-Aldrich) 
and HLA-A2 tetramer PE loaded with either Mart-1 
peptide (Mart-1 tetramer) for noncognate control, 
MI58-66 peptide (MI58-66 tetramer) (Beckman Coulter 
Inc., San Diego, CA), or A2-Ig dimer loaded with 
13-421 peptide (PBl4i3_42i dimer), PA225-233 Pep- 
tide, NA231-239> PA46_52, NA75_84, Or NSli25-132. The 

noncognate dimer control was unloaded A2-Ig dimer. 
All A2-Ig dimer was prepared in our laboratory [39]. 
Samples were collected using a FACS Calibur flow cyt- 
ometer with CELLquest software and were analyzed 
using ECS Express software. 
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Intracellular cytokine staining and CD107a assay 

aAPC (10^/well) generated CDS-" T cells were placed 
in a single well of a 96-well flat-bottom plates (BD 
Falcon) at a 1:1 ratio with peptide pulsed or unpulsed 
T2 cells. Prior to stimulation, 10 \iL anti-human 
CD107a PE-Cy5 (BD Pharmingen, San Diego, CA) 
were added to each well. After 1 hour of incubation 
GolgiStop (BD Pharmigen) was added to each well. 
Cells were incubated for up to 10 hours, then har- 
vested, stained for with anti-CD8 APC (BD Pharmi- 
gen), fixed and permeabilized with CytoPerm/CytoFix 
(BD Pharmigen), and stained for cytokines with anti- 
IFNg FITC (BD Pharmigen) according to the manu- 
facturer s protocol. 

Statistical Analysis 

A paired T test was used to determine statistical signifi- 
cance in ELISpots. Pairwise analysis was performed when 
comparing the total number of subdominant responses 
per donor between control and geriatric donors using the 
Mann- Whitney test. Fisher s exact test was used to ana- 
lyze the relationship between control and geriatric 
donors and their subdominant response. Statistical analy- 
sis was performed using a graphing and data analysis pro- 
gram (GraphPad Prism 5.01 for Windows, GraphPad 
Software, San Diego California USA, http://www.graph- 
pad.com). Significance was defined as p < 0.05. 

Acknowledgements 

We would like to thank Stuart Ray, Andrea Cox, Yu Li, Joanie Bieler, Tonya 

Webb, and Aaron Selya for helpful discussion. 

This work was supported by National Institutes of Health [AI44129, 

CA1 08835, AI077097, P01 AI072677 to JS, AI077056 to LR and DHC], and VA 

Merit to DHC 

Author details 

^Department of Pathology, Johns Hopkins University, 733 N Broadway BRB 
632, Baltimore, MD, 21205, USA. ^Department of Pathology, Case Western 
Reserve University, Wolstein 6530, 2103 Cornell Rd, Cleveland, OH, 44106, 
USA. ^Scientific Review Program, Division of Extramural Activities, National 
Institute of Allergy and Infectious Diseases, National Institutes of Health, 
Bethesda, MD, 20892, USA. ^Geriatric Research, Education and Clinical Center, 
Cleveland VA, 10701 East Blvd., Cleveland, OH, 44106, USA. 

Authors' contributions 

JBL carried out the immunoassays, assay development, data analyses, 
statistical analyses, and drafted the manuscript. MO participated in the 
design of the study and helped with editing of the manuscript. LR 
participated in the data analysis and coordination of the study. DHC 
performed genotyping experiments of geriatric donors, participated in 
design and coordination of the study, and helped to draft the manuscript. 
JPS conceived of the study, and participated in its design and coordination, 
and helped to draft the manuscript. All authors read and approved the final 
manuscript. 

Competing interests 

The authors declare that they have no competing interests. 

Received: 3 May 201 1 Accepted: 16 August 201 1 
Published: 16 August 2011 



References 

1. Thompson WW, Shay DK, Weintraub E, Brammer L, Cox N, Anderson LJ, 
Fukuda K: Mortality associated with influenza and respiratory syncytial 
virus in the United States. Jomo 2003, 289:179-186. 

2. Thompson WW, Weintraub E, Dhankhar P, Cheng PY, Brammer L, 
Meltzer Ml, Bresee JS, Shay DK: Estimates of US influenza-associated 
deaths made using four different methods. Influenza and other respiratory 
viruses 2009, 3:37-49. 

3. Webster RG: Immunity to influenza in the elderly. Vaccine 2000, 
18:1686-1689. 

4. Linton PJ, Dorshkind K: Age-related changes in lymphocyte development 

and function. Nature immunology 2004, 5:133-139. 

5. Grubeck-Loebenstein B, Wick G: The aging of the immune system. 
Advances in immunology 2002, 80:243-284. 

6. Miller RA: Aging and immune function. International review of cytology 
1991, 124:187-215. 

7. Miller RA: The aging immune system: primer and prospectus. Science 
(New York, NY) 1996, 273:70-74. 

8. Waldman RH, Mann JJ, Small PA Jr: Immunization against influenza. 
Prevention of illness in man by aerosolized inactivated vaccine. Jama 
1969, 207:520-524. 

9. La Gruta NL, Kedzierska K, Stambas J, Doherty PC: A question of self- 
preservation: immunopathology in influenza virus infection. Immunol Cell 
Biol 2007, 85:85-92. 

10. Doherty PC, Topham DJ, Tripp RA, Cardin RD, Brooks JW, Stevenson PG: 
Effector CD4+ and CD8+ T-cell mechanisms in the control of respiratory 
virus infections. Immunological reviews 1997, 159:105-117. 

11. Naumov YN, Naumova EN, Clute SC, Watkin LB, Kota K, Gorski J, Selin LK: 
Complex T cell memory repertoires participate in recall responses at 
extremes of antigenic load. J Immunol 2006, 177:2006-2014. 

12. Lukacher AE, Braciale VL, Braciale TJ: In vivo effector function of influenza 
virus-specific cytotoxic T lymphocyte clones is highly specific. J Exp Med 
1984, 160:814-826. 

13. Mackenzie CD, Taylor PM, Askonas BA: Rapid recovery of lung histology 
correlates with clearance of influenza virus by specific CD8-I- cytotoxic T 
cells. Immunology 1989, 67:375-381. 

14. Kuwano K, Scott M, Young JF, Ennis FA: HA2 subunit of influenza A HI 
and H2 subtype viruses induces a protective cross-reactive cytotoxic T 
lymphocyte response. J Immunol 1988, 140:1264-1268. 

15. Kuwano K, Braciale TJ, Ennis FA: Cytotoxic T lymphocytes recognize a 
cross-reactive epitope on the transmembrane region of influenza HI 
and H2 hemagglutinins. Viral Immunol 1989, 2:163-173. 

16. Gotch F, McMichael A, Smith G, Moss B: Identification of viral molecules 
recognized by influenza-specific human cytotoxic T lymphocytes. J Exp 
Med 1987, 165:408-416. 

17. Bednarek MA, Sauma SY, Gammon MC, Porter G, Tamhankar S, 
Williamson AR, Zweerink HJ: The minimum peptide epitope from the 
influenza virus matrix protein. Extra and intracellular loading of HLA-A2. 
J Immunol 1991, 147:4047-4053. 

18. Morrison J, Elvin J, Latron F, Gotch F, Moots R, Strominger JL, McMichael A: 
Identification of the nonamer peptide from influenza A matrix protein 
and the role of pockets of HLA-A2 in its recognition by cytotoxic T 
lymphocytes. Eur J Immunol 1992, 22:903-907. 

19. Jameson J, Cruz J, Ennis FA: Human cytotoxic T-lymphocyte repertoire to 
influenza A viruses. J Virol 1998, 72:8682-8689. 

20. Assarsson E, Bui MM, Sidney J, Zhang Q, Glenn J, Oseroff C, Mbawuike IN, 
Alexander J, Newman MJ, Grey H, Sette A: Immunomic analysis of the 
repertoire of T-cell specificities for influenza A virus in humans. J Virol 
2008, 82:12241-12251. 

21. Gianfrani C, Oseroff C, Sidney J, Chesnut RW, Sette A: Human memory CTL 
response specific for influenza A virus is broad and multispecific. Hum 
Immunol 2000, 61:438-452. 

22. Sercarz EE, Lehmann PV, Ametani A, Benichou G, Miller A, Moudgil K: 
Dominance and crypticity of T cell antigenic determinants. Annual review 
of immunology 1 993, 1 1 :729-766. 

23. Oeike M, Maus MV, Didiano D, June CM, Mackensen A, Schneck JP: Ex vivo 
induction and expansion of antigen-specific cytotoxic T cells by HLA-lg- 
coated artificial antigen-presenting cells. Nat Med 2003, 9:619-624. 

24. Lehner PJ, Wang EC, Moss PA, Williams S, Piatt K, Friedman SM, Bell Jl, 
Borysiewicz LK: Human H LA- A0201 -restricted cytotoxic T lymphocyte 



Lee et al. Immunity & Ageing 201 1, 8:6 
http://www.immunityageing.eom/content/8/1/6 



Page 11 of 1 1 



25. 



26. 



27. 



28. 



29. 



30. 



32. 



33. 



34. 



35. 



36. 



37. 



38. 



39. 



40. 



recognition of influenza A is dominated by T cells bearing the V beta 17 
gene segment. J Exp Med 1995, 181:79-91. 
Moss PA, Moots RJ, Rosenberg WM, Rowland-Jones SJ, Bodmer HC, 
McMichael AJ, Bell Jl: Extensive conservation of alpha and beta chains of 
the human T-cell antigen receptor recognizing HLA-A2 and influenza A 
matrix peptide. Proc NotI Acod Sci USA 1991, 88:8987-8990. 
Deng Y, Jing Y, Campbell AE, Gravenstein S: Age-related impaired type 1 T 
cell responses to influenza: reduced activation ex vivo, decreased 
expansion in CTL culture in vitro, and blunted response to influenza 
vaccination in vivo in the elderly. J Immunol 2004, 172:3437-3446. 
Fagnoni FF, Vescovini R, Passer! G, Bologna G, Pedrazzoni M, Lavagetto G, 
Cast! A, Franceschi C, Passer! M, Sanson! P: Shortage of circulating naive 
CD8(-i-) T cells provides new insights on immunodeficiency in aging. 
Blood 2000, 95:2860-2868. 

Almanzar G, Herndler-Brandstetter D, Chaparro SV, Jenewein B, Keller M, 
Grubeck-Loebenstein B: Immunodominant peptides from conserved 
influenza proteins-a tool for more efficient vaccination in the elderly? 

Wien Med Wochenschr 2007, 157:1 16-121. 

Khan N, Sharlff N, Cobbold M, Bruton R, Ainsworth JA, Sinclair AJ, Nayak L, 
Moss PA: Cytomegalovirus seropositivity drives the CD8 T cell repertoire 
toward greater clonality in healthy elderly individuals. J Immunol 2002, 
169:1984-1992. 

Posnett DN, Sinha R, Kabak S, Russo C: Clonal populations of T cells in 
normal elderly humans: the T cell equivalent to "benign monoclonal 
gammapathy". The Journal of experimental medicine 1994, 179:609-618. 
Kim JH, Skountzou I, Compans R, Jacob J: Original antigenic sin responses 
to influenza viruses. J Immunol 2009, 183:3294-3301. 
Davenport FM, Hennessy AV, Francis T Jr: Epidemiologic and immunologic 
significance of age distribution of antibody to antigenic variants of 
influenza virus. The Journal of experimental medicine 1953, 98:641-656. 
Yager EJ, Ahmed M, Lanzer K, Randall TD, Woodland DL, Blackman MA: 
Age-associated decline in T cell repertoire diversity leads to holes in the 
repertoire and impaired immunity to influenza virus. J Exp Med 2008, 
205:711-723. 

Welsh RM, Selin LK: No one is naive: the significance of heterologous T- 
cell immunity. Nat Rev Immunol 2002, 2:417-426. 
Durai M, Krueger C, Ye Z, Cheng L, Mackensen A, Oeike M, Schneck JP: In 
vivo functional efficacy of tumor-specific T cells expanded using HLA-lg 
based artificial antigen presenting cells (aAPC). Cancer Immunol 
Immunother 2009, 58:209-220. 

Boon AC, Fringuelli E, Graus YM, Fouchier RA, Sintnicolaas K, lorio AM, 

Rimmelzwaan GF, Osterhaus AD: Influenza A virus specific T cell immunity 

in humans during aging. Virology 2002, 299:100-108. 

McElhaney JE, Xie D, Hager WD, Barry MB, Wang Y, Kleppinger A, Ewen C, 

Kane KP, Bleackley RC: T cell responses are better correlates of vaccine 

protection in the elderly. J Immunol 2006, 176:6333-6339. 

OeIke M, Moehrle U, Chen JL, Behringer D, Cerundolo V, Lindemann A, 

Mackensen A: Generation and purification of CD8-I- melan-A-specific 

cytotoxic T lymphocytes for adoptive transfer in tumor immunotherapy. 

Clin Cancer Res 2000, 6:1997-2005. 

Slansky JE, Rattis FM, Boyd LF, Fahmy T, Jaffee EM, Schneck JP, 
Margulies DH, Pardoll DM: Enhanced antigen-specific antitumor immunity 
with altered peptide ligands that stabilize the MHC-peptide-TCR 
complex. Immunity 2000, 13:529-538. 

Kasprowicz V, Ward SM, Turner A, Grammatikos A, Nolan BE, Lewis- 
Ximenez L, Sharp C, Woodruff J, Fleming VM, Sims S, et al: Defining the 
directionality and quality of influenza virus-specific CD8-I- T cell cross- 
reactivity in individuals infected with hepatitis C virus. J Clin Invest 2008, 
118:1143-1153. 

Daly K, Nguyen P, Woodland DL, Blackman MA: Immunodominance of 
major histocompatibility complex class l-restricted influenza virus 
epitopes can be influenced by the T-cell receptor repertoire. J Virol 1995, 
69:7416-7422. 



doi:1 0.1 186/1 742-4933-8-6 

Cite this article as: Lee et al.: Decline of influenza-specific CD8^ T cell 
repertoire in healthy geriatric donors. Immunity & Ageing 201 1 8:6. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



